Background. Methotrexate (MTX) is an antineoplastic agent, which increases the level of reactive oxygen species (ROS) and decreases the level of antioxidants. Lycopene, is a potent antioxidant, which is used because of its protective effect against tissue damage.
Introduction
Methotrexate (MTX) is a chemotherapeutic agent that is a folic acid antagonist. This agent, which acts by inhibiting the activity of dihydrofolate reductase, is frequently used in the treatment of autoimmune and malignant diseases. 1 It has been found that this agent, which is also frequently used in ectopic and molar pregnancy treatments, increases the level of free oxygen radicals and pro-inflammatory molecules. 2 It is also gonadotoxic and decreases the number of ovarian follicles. In this way, it is thought to cause infertility, especially in young patients. 3 When published literature is examined, some researchers have stated that there is no negative effect on the ovarian reserve at the doses used for the treatment of ectopic pregnancy. 4 However, there is a controversy about the effect of MTX therapies on the ovarian reserve and infertility. Various methods have been used to evaluate ovarian reserve. Methods used to determine the ovarian reserve include a primordial follicle count, the amount of gonadotropins and the level of anti-Müllerian hormone. 5 However, the occurrence of pregnancy is the best clinical parameter illustrating the ovarian reserve and the fertility of a female.
Lycopene is a kind of carotenoid, which is a potent antioxidant. It has lipophilic properties and is found in large amounts in red fruits, for example in tomatoes. Lycopene supplementation is very important to stop the harmful effects of free oxygen radicals. Lycopene is one of the most studied antioxidant agents because of its protective effect against tissue damage. In addition, it shows anticancer activity. 6 It also has the effect of regulating detoxification systems, clearing reactive oxygen species (ROS) and increasing the transmission between gap-junctions. 7, 8 An examination of the published literature reveals that lycopene has hepatoprotective and neuroprotective features. 9,10 A further effect of lycopene is that it decreases the complications associated with diabetes mellitus (DM). 11, 12 However, there is no study indicating its protective effect against acute ovarian damage induced by a single, high dose of MTX.
In light of this information, the aim of this study was to determine the effect of lycopene on ovarian MTXinduced injury in rats. Apart from the histopathological and biochemical evaluation, the reproductive performance of the experimental groups was also examined.
Material and methods

Animals
The recommendations of the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines for animal care were taken into consideration. A total of 36 Wistar albino female rats weighing 260-272 g were randomly chosen for use in the study. The animals were housed and fed at room temperature (22-24°C) prior to the experiment. This study was carried out in accordance with international guidelines on the ethical use of animals (Ethics Committee Date and No.: 22.11.2018-12/210).
Experimental groups
Rats were randomly divided into 3 groups before the following experimental conditions were applied: a group with 20 mg/kg of MTX only (MG; n = 12), a group with 5 mg/kg of lycopene and 20 mg/kg of MTX (LMG; n = 12), and a healthy control group (HCG; n = 12).
Chemical substances
The MTX used in the study was provided by Med-Ilac (Istanbul, Turkey), thiopental sodium was provided by Ibrahim Etem Ulagay (Istanbul, Turkey) and lycopene was provided by Solgar (Leonia, USA).
Experimental procedure
Lycopene was given orally via gavage at a dose of 5 mg/kg to the LMG (n = 12) of rats. 13 In the other 2 groups, the same volume of normal sunflower oil (0.5 mL) was used as the solvent. One hour after the administration of the lycopene and the solvent, the LMG and MG were injected intraperitoneally (i.p.) with a single dose of MTX (20 mg/kg). 2 The lycopene and the solvent were administered once a day for 5 days. At the end of this application, 6 rats from each group (MG, LMG and HCG) were euthanized with a high dose of anesthesia (50 mg/kg of thiopental sodium i.p.) and the ovaries were removed. Malondialdehyde (MDA), myeloperoxidase (MPO) and total glutathione (tGSH) levels were measured in the ovarian tissues. The ovarian tissues were also examined histopathologically. All test results were evaluated by comparing the groups together.
Three mature male rats were added to each group of 6 female rats for reproduction. The groups with female and male rats together were kept in appropriate laboratory settings for 2 months. During this period, the pregnant rats were kept in a suitable environment in separate cages. In 2 months, the rats that did not get pregnant and did not give birth were considered infertile.
Biochemical analysis of ovarian tissues
Measurement of MDA
The levels of tissue lipid peroxidation were determined by predicting MDA levels (Cayman Chemical; Cat. No: 10009055; Michigan, USA) using the thiobarbituric acid test involving spectrophotometrical measurements at a wavelength of 532 nm used by Ohkawa et al. 14 The results were expressed as μmol/g of protein.
Measurement of MPO
A modified method by Wei and Frenkel was adopted for the determination of MPO activity (Cayman Chemical; Item No. 600620) in the homogenate. 15 The increases in the absorbance values were measured at a wavelength of 510 nm. Absorbance was measured spectrophotometrically at a wavelength of 412 nm. The results were expressed as U/g of protein.
Measurement of tGSH
The level of tGSH (Cayman Chemical; Cat. No. 703002) in the tissues was measured according to the process described by Sedlak and Lindsay. 16 The absorbance value was determined at a wavelength of 412 nm spectrophotometrically. The results were expressed as nmol/g of protein.
Histopathological analysis of ovarian tissues
After routine tissue follow-up, 5-micron sections were obtained for histopathological evaluation. These sections were stained with hematoxylin and eosin (H&E). The ovarian tissues were evaluated under an optical microscope (Olympus BX 51; Olympus Corp., Shinjuku, Tokyo, Japan) and the images were captured using a digital camera (Olympus DP 71). Histopathological examination was carried out using a blind histological evaluation method.
Statistical analysis
A statistical evaluation of the results was carried out using one-way analysis of variance (ANOVA) and SPSS v. 22.0 software (IBM Corp., Armonk, USA). The Tukey multiple comparison test was used to determine the differences between groups. The level of significance was set at p < 0.05.
Results
The biochemical results of this study are summarized in Fig. 1 . The MDA level in the ovarian tissue was measured to be 1.2 ±0.2 μmol/g of protein in the HCG and 4.3 ±0.4 μmol/g of protein in the MG. When compared to the HCG, the increase in MDA level in MG was significant (p < 0.05). A 5 mg/kg dose of lycopene reduced the level of MDA (1.7 ±0.2 μmol/g of protein) significantly compared to the MG (p < 0.05).
When the other 2 groups were compared with the MG, MPO was significantly increased in the MG (7.1 ±0.7 U/g of protein), but the value in the LMG (2.8 ±0.6 U/g of protein) was close to the HCG (1.9 ±0.7 U/g of protein) (p < 0.05). Methotrexate application significantly decreased the tGSH level in the ovarian tissue of rats compared to the HCG (p < 0.05). The tGSH levels were measured to be 6.8 ±0.2 nmol/g of protein in the HCG and 2.6 ±0.4 nmol/g of protein in the MG. It was found that 5 mg/kg of lycopene, by comparison with the MG, significantly improved the tGSH level (5.9 ±0.5 nmol/g of protein) in the LMG (p < 0.05).
A histological examination of ovaries in the HCG revealed that the ovarian tissue structure had a normal cortex and medulla (Fig. 2) . In the MG, a microscopic examination showed that there were apparent edema in the follicular cells and the interstitial area, vascular dilation and congestion, polymorphonuclear cell infiltration, and degeneration in developing follicles (Fig. 3,4 ). In the ovaries of rats treated with lycopene prior to MTX, we observed a marked decrease in edema in the follicular cells and interstitial area, mild HCG -healthy control group; MG -methotrexate group; LMG -lycopene + methotrexate group. vascular dilatation and congestion, and a normal follicular structure (Fig. 5 ).
The reproduction results of the experimental groups are summarized in Table 1 , 2 and 3. Table 1 shows that there were no infertile rats in the HCG, and the mean gestational period was 29 days. A total of 49 offspring, 17 male and 32 female, were produced by this group. Table 2 shows that there was 1 infertile rat in the LMG, and the mean gestational period was 31.4 days. A total of 35 offspring, 22 male and 13 female, were produced by this group. Table 3 shows that there were 5 infertile rats in the MG, and the mean gestational period was 47 days. A total of 4 offspring, 3 male and 1 female, were produced by this group. When the average number of offspring was examined, there were 8.1 in the HCG, 7 in the LMG and 4 in the MG. The fewness of the average number of offspring in the MG than the other 2 groups was statistically significant (p < 0.05).
Discussion
In recent years, the number of people diagnosed with cancer at an early age has increased due to the development of cancer awareness in the community, developments that allow early detection of cancer and perhaps environmental factors. 17 One of the most frequently asked questions among young patients diagnosed with cancer is whether they will have children after surgery, chemotherapy or radiotherapy. In particular, MTX is one of the most commonly used chemotherapeutics, both on its own and in combination therapy.
Published literature describes the use of MTX in various doses and at various times. Although the low-dose MTX used for ectopic pregnancy treatment does not affect the ovarian reserve, it is known that the use of high-dose MTX in chemotherapy does adversely affect it. 3, 4, 18 For this reason, ovarian tissue in this study was examined histopathologically in single and high-dose MTX-treated experimental groups, and the levels of oxidant/antioxidant molecules in the ovarian tissue were determined. It further investigated whether lycopene has a protective effect using this experimental model.
When the published literature is examined, there are many studies which prove that lycopene protects testicular tissue and improves the quality of sperm cells. 19, 20 Therefore, lycopene and other antioxidant molecules have been used to treat male infertility. 21 However, there are no studies on the effects of lycopene on the reproductive capacity of women or female animals.
In this study, it was found that MDA and MPO levels increased in the ovarian tissues after MTX was applied and that the level of tGSH decreased. In the LMG, the antioxidant molecules (tGSH) increased and oxidant molecules (MDA and MPO) decreased. This investigation illustrated 2 results: -using a single, high dose of MTX produces oxidative stress in ovarian tissues, and -lycopene can combat this MTX-induced damage. The histopathological examination of the ovarian tissues of the rats also supported these biochemical results.
Each group was subjected to reproductive testing on equal terms after biochemical and histopathological sampling. Reproduction occurred across the entire HCG over 
the two-month reproductive period. However, in the MG, it was found that only 1 rat had given birth and that the duration of the pregnancy was quite long. In addition, only 1 rat was not pregnant in the LMG, and the duration of the pregnancy was similar to the HCG. The average number of offspring in the LMG and HCG was similar. Thus, it has been proven that a single, high dose use of MTX causes infertility in female rats, prolongs the gestation period and reduces the number of offspring. However, when we looked at the gender ratios of the offspring in the experimental groups, an unexpected result was seen. The female gender was dominant in the offspring obtained from the HCG, but this ratio was reversed in the LMG and MG. In a study by Lantinga et al., 124 female patients aged from 18 to 45 years who received chemotherapy and radiotherapy for childhood cancers were evaluated in terms of reproductive and menstrual cycles. 22 When they looked at the offspring of patients who had received chemotherapeutic treatment other than 6-mercaptopurine (6MP) and 6-thioguanine (6TG), the male gender was dominant, like in this study. This result is thought to be due to a defect of the X-chromosome caused by chemotherapeutic drugs. Testosterone, and its active form dihydrotestosterone, have a major role in the development of the male genital organs. 23 Also, we know that the production of adrenal gland hormones increase when the mother is stressed. 24 In our study, the second reason for the high number of male offspring in the experimental groups receiving MTX may be the oxidative stress caused by MTX in the mother and the resulting increase in the androgenic hormone level. Aksoy et al. found that the number of male offspring increased due to the oxidative stress on the remaining ovaries in unilateral ovariectomized rats. 25 This finding agrees with the published literature. In a study on poultry, lycopene was found to inhibit both natural ovarian aging and d-galactose-induced ovarian aging. 26 In 1992, Stahl et al. reported that the measurements of beta-carotene and lycopene levels from the diet in human plasma and 7 different human tissues (liver, adrenal gland, testis, kidney, ovary, and fat and brain stem tissue). 27 In this study, it was reported that the lycopene level was found to be the lowest in the ovarian tissue. Considering the positive and curative effects of lycopene on ovarian tissue, lycopene supplementation is beneficial for clinical conditions caused by oxidative stress.
The experiment features some limitations. Firstly, there is no data about the ameliorative effect of lycopene on single, high-dose MTX-induced ovarian injuries in published literature. Secondly, the experiment used a single dose of lycopene (5 mg/kg). Future research should use different doses of lycopene to determine the mean effective dose for antioxidant activity. Thirdly, MTX-induced ovarian injury was demonstrated by the morphological modifications in the ovarian tissue. Any damage in the other organs and systems should be evaluated in future studies. Fourthly, in order to fully understand the reason for the high number of male offspring in the experimental groups receiving the MTX treatment, the offspring resulting from abortion should be examined.
Conclusions
When chemotherapeutic drugs such as MTX are used in high doses, they cause tissue damage through oxidative stress. If a woman undergoes this treatment at a young age, it is apparent that she has an infertility problem. This study showed that with lycopene, MTX-induced ovarian damage and infertility could be prevented. As a result, lycopene-like molecules with antioxidant properties may prevent infertility as an additional effect to chemotherapy.
